ABSTRACT The observation of biological processes at the molecular scale in real time requires high spatial and temporal resolution. Magnetic tweezers are straightforward to implement, free of radiation or photodamage, and provide ample multiplexing capability, but their spatiotemporal resolution has lagged behind that of other single-molecule manipulation techniques, notably optical tweezers and AFM. Here, we present, to our knowledge, a new high-resolution magnetic tweezers apparatus. We systematically characterize the achievable spatiotemporal resolution for both incoherent and coherent light sources, different types and sizes of beads, and different types and lengths of tethered molecules. Using a bright coherent laser source for illumination and tracking at 6 kHz, we resolve 3 Å steps with a 1 s period for surface-melted beads and 5 Å steps with a 0.5 s period for double-stranded-dsDNA-tethered beads, in good agreement with a model of stochastic bead motion in the magnetic tweezers. We demonstrate how this instrument can be used to monitor the opening and closing of a DNA hairpin on millisecond timescales in real time, together with attendant changes in the hairpin dynamics upon the addition of deoxythymidine triphosphate. Our approach opens up the possibility of observing biological events at submillisecond timescales with subnanometer resolution using camera-based detection.
INTRODUCTION
In the cell, numerous enzymes are involved in molecular transport or nucleic acid metabolism (1) . At the level of individual molecules, the activities of these enzymes are intrinsically stochastic and highly dynamic (2) , and the goal of characterizing their activities in detail has spurred the development of novel biophysical approaches (3) . The continuous improvement of such approaches over the past two decades has made it possible to resolve ever-smaller steps of enzymatic motion on ever-shorter timescales (4) (5) (6) (7) . These advances have furthered our understanding of enzymatic processes by revealing how forces, torques, mechanochemistry, and intrinsic stochasticity conspire to impact the behavior of individual molecules (3, (8) (9) (10) (11) (12) ; they have also shed light on the processes of replication, transcription, and translation that underlie the central dogma. Such studies have revealed, for example, the coordination between the proteins involved in phage or bacterial replisomes (13) , the mechanism of initiation in bacterial RNA polymerase (14, 15) , the intrinsic dynamics of RNA polymerase elongation (16) , and the genome packaging dynamics by phage proteins (17) . Enzymes that employ DNA or RNA as their template or substrate typically have a characteristic step size close to the size of a DNA basepair (bp), i.e., 0.34 nm for double-stranded DNA (dsDNA) in its B-form. Often these enzymes advance at rates of 20 bp/s or faster in vivo (with similar rates observed in in vitro measurements (16, 18) ), implying that a DNA basepair is processed within~50 ms. To fully resolve the details of such enzymatic motion (including, e.g., an enzyme's step size) under physiological conditions, it is therefore necessary to detect motion on these timescales with a spatial resolution of~0.3 nm or better.
A variety of high-resolution single-molecule techniques, including single-molecule fluorescence resonance energy transfer (FRET) (5, 19) , optical tweezers (20) (21) (22) , and magnetic tweezers (MT) (23, 24) have been developed to observe individual enzymatic steps (3) . Although the donor-acceptor fluorophore interaction that underlies FRET provides a sensitive molecular ruler with which to observe macromolecular conformational changes, this technique does not permit the mechanical manipulation of molecules as do optical tweezers and MT. Optical tweezers implemented in a dumbbell configuration have achieved the best spatiotemporal resolution to date in an enzymatic study. In this assay, the positions of two trapped microspheres linked together by a nucleic acid are controlled, allowing enzymatic activity on the nucleic acid to be read out from the displacement of the beads from their equilibrium positions (7) . Block and coworkers have harnessed such an apparatus to resolve the stepping behavior of Escherichia coli RNA polymerase at 1 bp/s (20, 21) , and Bustamante and co-workers utilized it to observe the translocation of the f29 DNA packaging motor (25) (and later, using a simplified apparatus, the NS3-hepatitis C RNA helicase (22) ). Although these experiments achieved high spatiotemporal resolution, their resolution does not yet suffice to observe basepair stepping under physiological conditions (4) . In addition, the observation of rare events such as nucleotide misincorporation necessitates very large data sets, which are difficult to obtain using optical tweezers, as they are cumbersome to multiplex.
In MT experiments, the molecule of interest is tethered between a surface and a superparamagnetic bead, and force is applied via an external magnetic field (Fig. 1) . Standard magnetic tweezers track the position of beads at an acquisition frequency of~50-100 Hz and can resolve the position of a surface-melted bead along the z axis to~1 nm (26, 27) . However, recent improvements to MT based on high-speed complementary metal-oxide semiconductor (CMOS) cameras have enhanced the resolution to the sub-Å ngstrom level at 1 s bandwidth on individual beads (28, 29) . In addition, magnetic tweezers, with their use of camera-based detection and ability to apply a homogenous force over an entire field of view, facilitate the simultaneous tracking of hundreds of molecules (26, 30, 31) . Improving the spatiotemporal resolution of MT therefore presents an important step toward multiplexed measurements at high resolution.
In this work, we introduce an MT configuration that combines high spatial and temporal resolution (26, 28, 29) while maintaining all the existing advantages of this technique: straightforward implementation necessitating only a limited number of optical elements, a relatively drift-insensitive apparatus, spatial information via camera-based detection, and natural operation as a stable force clamp. We have combined several recent technical advances to make this development possible. First, recent improvements in CMOS cameras enable fast image acquisition (at better than kHz) which, when combined with a high intensity illumination source, allows one to average over the dominant source of noise in camera-based detection, namely, the tracking noise (28, 29) . Although such camera-based tracking is in principle straightforward, its use in tracking microspheres involves the use of many pixels, which reduces the achievable tracking speed. Parallelization of the computational process that underlies real-time tracking of microsphere position is therefore highly desirable. Such parallelization is greatly facilitated by a second advance, namely, the use of graphics processor unit (GPU) computation. The use of GPUs makes it possible to perform three-dimensional bead-position tracking in real time at approximately kHz rates, as we and others have demonstrated (26, 29) . A remaining challenge has been to achieve sufficient illumination intensity to utilize the camera's entire dynamic range on submillisecond timescales. Applying recent developments in laser-based illumination sources (32), we demonstrate here that the use of a modulated laser provides a highly efficient way to fulfill this criterion. In combining . A pair of magnets in a vertical orientation separated by a gap of either 1 mm or 0.3 mm is placed above a flow cell. The illumination source is either a high-power fiber-coupled LED or a laser diode, and the emitted light is collimated before passing through the gap separating the magnets and illuminating the sample. The tracked beads are superparamagnetic beads tethered to either a 1.9 kb dsDNA or a 1.1 kb hairpin, and latex nonmagnetic reference beads are directly adhered to its surface via melting (Materials and Methods). The hairpin contains a 40 nucleotides ssDNA sequence on one side, as indicated. The dsDNA and hairpin molecules are both attached via ligated DNA handles, one of which includes multiple biotin labels for attachment to the streptavidin-coated magnetic bead and a second that contains multiple digoxigenin labels for attachment to the flow-cell surface. The light is collected by a high-NA objective, and images are projected onto a high-speed CMOS camera via a 400 mm tube lens (see Materials and Methods). The collected frames are transferred first to a frame grabber and then to a computer. They are analyzed using an nVIDIA graphics card at a rate of up to 8 kHz for a single bead. (B) Calculation of the standard deviation, dz, at 0.01 s of the z-position of a tethered bead (radius R ¼ 500 nm) as a function of the DNA extension at 18 pN applied force, F, for either ssDNA (persistence length L p ¼ 0.5 nm, black line) or dsDNA (persistence length L p ¼ 50 nm, red line). The equivalent bandwidth, B eq , is set to 100 Hz (Eq. 3). (C) Calculation of the characteristic time, t c;z , of the bead-tether system at 18 pN according to Eq. 5. All parameters are identical to those in (B). To see this figure in color, go online.
Biophysical Journal 109(10) 2113-2125 these three advances, we develop a high-spatiotemporal-resolution MT configuration that achieves real-time tracking of a single bead in a region of interest of 100 Â 100 pixels at 8 kHz for up to 10 min. This allows us to achieve an Allan deviation (AD) in the z-position of~0.07 nm at 0.01 s for a surface-melted bead, and~0.2 nm at 1 s for a dsDNA molecule held under a force of 18 pN. We further demonstrate the capabilities of our instrument by observing the opening and closing transitions of a DNA hairpin on millisecond timescales and by showing that the open state of this hairpin is stabilized in the presence of deoxythymidine triphosphate (dTTP). This high-speed, high-resolution MT using laserbased illumination should find numerous applications in the field of nucleic-acids-based motors and other areas of biology.
MATERIALS AND METHODS

Magnetic tweezers instrument
The MT assay is implemented on a custom-designed microscope (Fig. 1 A) . A pair of vertically aligned permanent magnets (33) separated by a 0.3 mm gap are positioned above the flow cell. The rotation of the magnets and their vertical position are controlled by stepping motors (C-150 and M-126.PD2, respectively, both from Physik Instrumente, Waldbronn, Germany) (34, 35) . A piezo-controlled nanopositioning stage (P-726, E-712 controller, Physik Instrumente) controls the height of the objective (100Â, oil-immersion objective, NA 1.49, Nikon, Tokyo, Japan). The image of the sample plane is imaged via a 400 mm tube lens (achromatic doublet, Newport, RI) onto an 8-bit CMOS camera (MC1362, Mikrotron, Unterschleissheim, Germany), yielding a pixel size in the image plane of 70 nm. The entire apparatus is placed inside an opaque box that provides shielding against light pollution, acoustic noise, and air currents, and mounted onto an optical table (TMC784, Technical Manufacturing, Peabody, MA). The MT apparatus is controlled using a Dell Precision T3610 computer (Round Rock, TX) operating at 64 bits that includes an Intel Xeon CPU ES-1620 v2 (Santa Clara, CA) with a processor base frequency of 3.70 GHz, 8 GB of RAM memory, and an NVIDIA GeForce GTX 580 graphic card.
Sample illumination
We utilize two configurations for sample illumination. The first illumination configuration employs a high-power fiber-coupled light-emitting diode (LED) (660 nm, M660F1, Thorlabs, Munich, Germany). The fiber output is coupled to a collimator (CFC-5X-B, Thorlabs) that is situated just above the pair of magnets to maximize intensity in the sample plane. The second illumination configuration employs a laser diode (660 nm, 120 mW; HL6545MG, Thorlabs) that is mounted onto an integrated temperature controller (LDM9T, Thorlabs). To this temperature controller, we apply a 2 MHz sinusoidal current modulation via a 50 U bias tee and a voltage generator to broaden the laser's emission spectrum. This reduces its temporal coherence and hence the amount of speckle (32) . The laser is collimated using an aspheric lens and is then directed toward the sample.
Camera acquisition parameters
The CMOS camera allows the selection of up to four independent regions of interest that can be separately positioned within the field of view. As the maximum frame rate is closely related to the total size of the regions of interest, having independent regions of interest on the camera chip allows for a large increase in the achievable acquisition speed: from 506 Hz for a single full field of view of 1280 Â 1024 pixels, to 4 kHz for two independent regions of interest of 100 Â 100 pixels. In the latter case, the achievable acquisition frequency becomes limited by the computer processing speed during the transfer of the images from the frame grabber to the graphics card. The camera shutter time is set to the inverse of the acquisition frequency for all measurements. The custom-written software implemented in CUDA and Labview (Labview 2011 SP1, National Instruments, Austin, TX) (26) that has been developed to process camera images for highly multiplexed MT experiments at low frame rate, e.g., 50 Hz maximum, has been adapted for the continuous extraction of tracked bead positions in (x, y, z) in real time over 10 min at an acquisition frequency of 8 kHz (ultimately limited only by the size of the file that stores the three-dimensional positions with their time stamp). However, we typically limit the duration of acquisition to 200 s for ease of manipulation of the resulting data sets.
When we employ laser-based illumination (Fig. S2 A in the Supporting Material), we adapt the camera image to correct for any speckle that remains after the fast modulation of the laser and contributes to the graininess of the image (Fig. S2 B) (32) . This additional source of noise is not suppressible via reference-bead-position subtraction, so instead we implement a per-pixel linear correction where corrected pixel values are computed as pixel' ¼ a*(pixel þ b). A set of coefficients, a and b, is computed before a measurement for each pixel by selecting a bead-free image and averaging a series of frames at that position. During tracking, the image pixel values are first corrected and the corrected image is then transferred to the tracking algorithm to extract bead positions. This procedure substantially reduces the background noise (Fig. S2 C) .
Magnetic tweezers flow cell
We employ two types of superparamagnetic beads: 1 mm diameter MyOne beads and 2.8 mm diameter M270 beads (both from Life Technologies, Bleiswijk, The Netherlands). These bead types are selected for their excellent homogeneity in size and magnetic content (30) . The applied force is proportional to the magnetic content of the bead (33); therefore, a larger diameter bead typically allows for a higher force. However, under the same applied force, a tether attached to a larger bead has an increased correlation time compared to a similar tether attached to a smaller bead (see Characteristic timescale of z-fluctuations in MT). To permit the application of sufficient force to open a DNA hairpin (~16 pN) while maintaining the advantages of the smaller MyOne beads, we therefore reduce the gap between the magnets to 0.3 mm. Additionally, we minimize the distance between the magnets and the beads by sealing the flow cell (which consists of two thin coverslips-numbered 0 for the top coverslip and 1 for the bottom coverslip; Menzel Glazer, Braunschweig, Germany) using a stretched Parafilm layer (Dupont, Wilmington, DE). The inner bottom surface of the flow cell is coated with a nitrocellulose solution (0.1% m/V in ethanol) that contains a 1:250 dilution of the desired type of reference beads (26) . Once coated, the coverslip is baked at 150 C for 3 min, whereupon the flow cell is assembled and sealed as described above.
Construction of the handles for the dsDNA construct
To create biotin-and digoxigenin-labeled handles, a 1.2-kb fragment of pBluescript plasmid (Stratagene/Agilent Technologies, Santa Clara, CA) is amplified by polymerase chain reaction (PCR) using forward primer 5 0 -GACCGAGATAGGGTTGAGTG and reverse primer 5 0 -CAGGGTCG GAACAGGAGAGC in the presence of biotin-16-deoxyuridine triphosphate (dUTP) and digoxigenin-11-dUTP (both from Roche Diagnostics, Basel, Switzerland), respectively. The digoxigenin and biotin handles are then digested with EcoRI and XhoI, respectively.
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Assembly of a fully tetherable 1.9 kb dsDNA construct
To form the core of the dsDNA construct, a 1.9 kb fragment from pBluescript plasmid (Stratagene/Agilent Technologies) is first amplified by PCR using forward primer 5 0 -AAAAGAATTCCTCAGCGACGCAG GGGACCTGCAGG and reverse primer 5 0 -AAAACTCGAGTGCCGTTG TAACCGGTCATC. The PCR product was then digested with EcoRI and XhoI and subsequently ligated to the dsDNA-construct handles.
Construction of DNA hairpin handles
To create biotin-and digoxigenin-labeled handles, a 1.2-kb fragment of pBluescript plasmid (Stratagene/Agilent Technologies) is amplified by PCR using forward primer 5 0 -GACCGAGATAGGGTTGAGTG and reverse primer 5 0 -CAGGGTCGGAACAGGAGAGC in the presence of biotin-16-dUTP and digoxigenin-11-dUTP (both from Roche Diagnostics), respectively. These handles are then digested with BamHI and NotI, respectively, and subsequently ligated to double-stranded spacer segments that have been previously assembled by annealing the appropriate oligos ( Fig. S1 and Supporting Material). The resulting products form the upper and lower arms of the hairpin, respectively (Figs. 1 A and S1). All oligonucleotides are obtained from Biolegio B.V., Nijmegen, The Netherlands; oligonucleotide sequences are provided in the Supporting Material.
Assembly of a fully tetherable DNA hairpin
To form the core of the DNA hairpin, a 1.0 kb fragment from pEAV211 plasmid (kindly provided by Dr. Aartjan te Velthuis, Leiden University Medical Centre, Leiden, The Netherlands) is first amplified by PCR using forward primer 5 0 -CTCCTGTGTGGTCTCGTTGCGAAGTAGTTATTAG CCACCCAG and reverse primer 5 0 -GATAATACCGGGTCTCCTAGGA GAACTTTAAAAGTGCTCATCATTG. This PCR product is then digested with BsaI and ligated to a 42-base oligonucleotide (Fig. S1, green) to close the hairpin (Figs. 1 A and S1 ). The upper and lower handles (including spacers (see preceding subsection)) are annealed together to form a short (50 bp) stem with a BsaI overhang. This stem is then ligated to the other side of the 1.1 kb pEAV211 fragment. The sequence of the single-stranded DNA (ssDNA) part of the handle and the first 50 nucleotides of the stem (bold) is given by 5 0 -CCAAGTCATTCTGAGAATAGTGTATGCGGCGA CCGAGTTGCTCTTGCCTTTTTTTTTTATGCTCTTTACAACCGGTT GACTGCTTCAGGGGTCGATCCCGCTTTGTAC-3 0 . All oligonucleotides were obtained from Biolegio B.V. (Supporting Material).
Bead tethering and buffer conditions in the flow cell
After the flow cell is mounted onto the MT microscope, we flush in buffer A (10 mM Tris-HCl, pH 8, 0.5 mM EDTA, 150 mM NaCl, and 0.01% . Then, we flush in 20 mL antidigoxigenin (1 g/L in buffer A) and incubate for 30 min. Subsequently, we rinse the flow cell with 200 mL of buffer A and passivate it with BlockAid (20 mL, Life Technologies) via a 30 min incubation. To remove any excess BlockAid, we then thoroughly rinse the flow cell again with buffer A. In parallel, we mix 10 mL of a 0.1 ng/mL DNA hairpin or dsDNA-construct stock solution with 10 mL of twice-washed MyOne superparamagnetic beads resuspended in buffer A and incubate for 10 min. Subsequently, this solution containing hairpin-tethered beads is flushed into the flow cell, where it is incubated for 30 min. Finally, we again thoroughly rinse the flow cell with buffer A. To remove any nonspecifically attached beads, we scan the magnets above the flow cell from its inlet to its outlet, applying high force and rotations as necessary. Rinsing the flow cell subsequently with buffer A removes the remaining nonspecifically attached beads.
For the experiments in which we observe the effect of dTTP (Sigma Aldrich, Zwijndrecht, The Netherlands) on the hopping transition of the hairpin (see Figs. 4 and 5), we exchange buffer A from the flow cell with buffer B, which contains 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 7 mM MgCl 2 , 3 mM EDTA, 0.01% Tween-20, and varying concentrations of dTTP.
Noise due to thermal fluctuations
Thermal noise arises from the fact that the DNA-tethered bead experiences Brownian fluctuations in a (approximately) harmonic potential (35) (36) (37) . The stiffness of the system in the z-direction (which is the relevant dimension in most MT assays) can be expressed as (36) 
where we have used the inextensible wormlike chain model (38) to define the restoring force that acts on the tether. In this expression, hL ext i is the average extension of the DNA tether, L P is the persistence length of the DNA tether, L 0 is the contour length of the DNA tether, k B is Boltzmann's constant, and T is the absolute temperature. From Eq. 1, we observe that both L 0 and L P (both of which differ for single-stranded versus doublestranded tethers) will significantly influence the system's stiffness along the z axis. As the variance of the thermally induced fluctuations in the z-direction can be expressed as ( Fig. 1 B) dz
the stiffness, k z , will determine the magnitude of the noise. This remains correct despite the fact that Eq. 2. should only be viewed as an approximation, as the potential is not strictly harmonic (39) in the z-direction (40). Interestingly, combining Eq. 1. with Eq. 2. reveals that hdz 2 i is independent of the bead radius employed (the same does not hold true for the timescale of the fluctuations, however, as detailed in the next section). The variance of the bead position is by definition the integral from 0 to N of the power spectral density, S z ðf Þ, of the system. If the detection system is not capable of fully capturing the system's complete bandwidth, e.g., as a result of low camera acquisition rates (36, 41, 42) , the expression for the integral of the power spectrum must be adapted to (6) dz
where B eq is the equivalent noise bandwidth, i.e., the bandwidth of a fictitious rectangular window low-pass filter that provides the same noise power as the measurement system under study, and f c; z is the corner frequency of the system along the z axis.
Characteristic timescale of z-fluctuations in MT
To fully appreciate the impact of thermal noise on experimental measurements, one must also evaluate the response time of the system. To do so, we start from the bead's equation of motion (assuming that inertial contributions are negligible) (40):
where g 0 is the friction coefficient (which is equal to 6phR, where h is the viscosity, provided the bead is sufficiently far from the surface), F WLC is the restoring force on the nucleic acid tether, F therm is the thermal (or Langevin)
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force on the bead that results from random collisions with water molecules, and F grav is the gravitational force on the bead. From Eq. 4, we can compute the theoretical power spectrum density of the Brownian fluctuations and deduce the associated system correlation time:
Given that g 0 scales linearly with R, Eq. 5. implies that to maximize bandwidth, one should use the smallest bead possible. Maximizing k z furthermore implies that the shortest possible tether should be employed (Eq. 1). Nonetheless, there is a limitation to this approach, as the viscous drag experienced by a bead increases as it approaches the flow-cell surface according to Faxén's law (43) ,
We numerically evaluate the standard deviation of the noise, dz (Eq. 3 and Fig. 1 B) , and t c; z (Eq. 5 and Fig. 1 C) for the bead-tether system at 100 Hz equivalent noise bandwidth, taking into account the increased drag in the vicinity of the flow-cell surface. We observe a dependence on the stiffness and on the length of the tether; for example, for a tether of the same end-to-end extension, dsDNA ( Fig. 1 , B and C, red line) provides a higher bandwidth than ssDNA (Fig. 1 , B and C, black line). Furthermore, we perform numerical simulations of tethered magnetic beads in an MT assay (Supporting Material and Figs. S4 and S5, B-D), as described previously (40) . This allows us to examine the fluctuations in z for different tether conditions. In the Results section, we compare these findings to experimental results.
Other sources of noise
Instrumental noise includes contributions from both tracking errors in the determination of the bead position (26) and mechanical drift. We can quantify the magnitude of these noise sources by tracking beads that are stably attached to the surface and do not undergo Brownian motion. Tracking noise results from the fact that the determination of the bead position from camera images is subject to measurement uncertainty. Tracking noise is uncorrelated from frame to frame (26) and has a variance, s 
The expression in Eq. 7 implies that a higher acquisition speed will permit a significant reduction in tracking noise at a given bandwidth, provided the frame-to-frame tracking error, s track , can be kept constant. Keeping s track constant in particular requires maintaining the illumination intensity per frame constant, which typically is the limiting factor for high acquisition speeds. Finally, an additional source of noise arises from position drift in the experimental apparatus, e.g., from thermal expansion or mechanical vibrations. For the longest measurements, drift will be the limiting factor, given that the contributions from all other sources of noise can be reduced by averaging.
RESULTS AND DISCUSSION
Spatiotemporal resolution for surface-melted beads with LED-and laser-based illumination
We first quantify the spatiotemporal resolution of our instrument along the z axis using beads that are stably attached to the flow-cell surface by melting (Materials and Methods, Fig. 2 A) . To reduce the influence of mechanical drift, we subtract the position of one such surface-melted bead from an identical second bead. For quantification of the spatiotemporal resolution, we compute the Allan deviation (AD) (44, 45) , which is defined as one-half the average difference in position between adjacent intervals of length t averaged over all intervals of length t. This provides a measure of the spatial resolution for a measurement of duration t (28, 44, 45) . As detailed in the Supporting Material, an important consideration in achieving optimal spatiotemporal resolution is the available light intensity for sample illumination ( Fig. S3) : at low light intensities, the tracking noise will become the limiting factor; conversely, at saturating illumination intensities, the lack of contrast between the rings in the diffraction pattern will become limiting. For example, for a 3-mm-diameter surface-melted bead tracked at 500 Hz under LED-based illumination, we achieve an optimal resolution of 0.014 nm at 4 s using 175 gray levels (for an available total of 256 gray levels) (Fig. S3 B) . Indeed, a 1=OI dependence between the value of the AD at 1 s and the illumination intensity is observed (Fig. S3 F, red line) before camera saturation, consistent with the tracking error being shot-noise limited at low light intensities. Additionally, the achievable spatiotemporal resolution depends on the type of surface-melted bead employed (Fig. S2 E) : we find that larger beads provide better spatial resolution for a given measurement duration and light intensity, with the resolution improving approximately as R bead , consistent with predictions from basic Mie theory for the scattered light intensity ( Using such optimized conditions, we compare the AD for surface-melted beads under different illumination conditions provided by either a high-power fiber-coupled LED
(with acquisition at 500 Hz; Fig. 2 B, black solid line) or a rapidly modulated laser diode (with acquisition at 4 kHz; Fig. 2 B, black dashed line). Broadly speaking, the AD decreases for short t (up to~1 s) approximately as 1= ffiffi ffi t p (Fig. 2 B, black dashed line) . In this so-called shot-noise limit, the AD can be thought of as the standard error of the mean of the bead's position, a quantity that decreases with the square root of the number of independent measurements. However, this decrease of the AD is halted at longer t (1-10 s; Fig. 2 B) , and subsequently, the AD is seen to increase. This increase in the AD indicates that drift in the position measurement starts to dominate the noise. For both types of illumination examined here, we observe that the frame-to-frame resolution (which can be read off from the value of the AD at the smallest available t) is identical: hence, the nature of the source does not affect the tracking resolution. At longer time intervals, we observe an AD of 0.57 nm at 0.002 s and 0.02 nm at 1 s for the case of LED-based illumination (Fig. 2 B, black solid line), and an AD of 0.22 nm at 0.002 s for the case of laser-based illumination (Fig. 2 B, black dashed line) . Thus, the use of laser-based illumination yields a 2.6-fold improvement in the achievable spatial resolution at short timescales compared to LED illumination. The improvement is in excellent agreement with the expected 1= ffiffiffi ffi N p scaling (Eq. 7) (Fig. S3 E) , which would imply a ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 4000 Hz = 500 Hz q ¼ 2:8 -fold decrease. Subtracting a reference-bead position suppresses most of the mechanical drift in the AD but adds the uncorrelated tracking noise of the reference bead to the AD of the bead of interest. Therefore, we observe, for the laser-based illumination, a reduced AD for the position signal of a single bead in the absence of reference-bead subtraction ( Fig. 2 B, red dashed line) compared to with reference-bead subtraction ( Fig. 2 B, black dashed line), which yields a best spatiotemporal resolution of 0.04 nm over 0.5 s. We do note that drift sets in slightly earlier for laser-based illumination compared to LED-based illumination, as the AD for the former is observed to increase for tR0:1 s (Fig. 2 B) . The drift in the laser-based illumination on slightly shorter timescales compared to LED-based illumination likely results from either residual speckle that is not eliminated by rapid modulation of the laser wavelength (Materials and Methods), or from the disruptions in illumination caused by the coupling of imperfections in optical elements to mechanical drift (Materials and Methods). Importantly, however, the AD still remains far below basepair resolution at longer timescales (<0.1 nm at 1 s). The improved resolution achieved using laser illumination is particularly useful when one employs small (e.g., 1-mm-diameter MyOne beads), as it can compensate for the lower spatial resolution that is otherwise achieved with such beads.
To further test and demonstrate the capabilities of laserbased illumination for high spatiotemporal resolution measurements, we generate steplike motion using the piezo stage onto which the microscope objective is mounted and track the relative motion of a single surface-melted bead (since reference-bead-based correction for mechanical drift is not possible for steps that are generated by moving the objective). As shown in Fig. 2 C, we can resolve 0.5 nm steps in the raw data at 6 kHz (light red region) as the piezo stage is moved in steps of 0.5 nm every 0.25 s. Boxcar filtering at 100 Hz (Fig. 2 C, red line) or 20 Hz (Fig. 2 C, black line) defines these steps more clearly. In addition, we resolve 0.3 nm back-and-forth steps (comparable to the 0.34 nm separation between DNA basepairs) when the stage is modulated at a slightly longer period of 1 s (Fig. 2 D) . These steps are well defined in the raw data acquired at 6 kHz (Fig. 2 D, light red region) and further highlighted using boxcar filtering at 100 Hz (Fig. 2 D, red  region) .
The use of small beads with short doublestranded tethers provides high spatiotemporal resolution
We now characterize our instrument's spatial resolution for beads tethered to either a dsDNA or to a DNA hairpin that includes a partially single-stranded handle (Figs. 3, S4 , and S5). As for the surface-melted beads described above, we assay the system's spatiotemporal resolution by resolving piezo stepping motion along the z axis and by employing the AD to characterize a bead-tether's response over a range of timescales.
We first investigate our ability to resolve stepping motion along the z axis generated by the piezo stage on a MyOne magnetic bead tethered to a 1.9 kbp dsDNA construct (contour length~0.65 mm) under an applied force of 18 pN (Fig. 3, A and B) . As above, in this assay, it is not possible to correct for mechanical drift using reference-bead subtraction, as steps are generated by moving the objective along the z axis. To generate the steps, we use a square-wave function with an amplitude of either 1 nm (Fig. 3 A) or 0.5 nm (Fig. 3 B) and a period of~0.75 s. For both cases, we acquire the data under laser-based illumination at 8 kHz with boxcar filtering to 100 Hz (Fig. 3, A and B, red) or 10 Hz (Fig. 3, A and B, black) and are able to resolve the steps generated by the piezo. In similar conditions, Seidel and co-workers resolved similarly sized piezo step motion using an incoherent light source and measured an AD of 0.3 nm over 0.01 s (29) , comparable to our measurement of 0.4 nm over 0.01 s.
To further quantify the spatiotemporal resolution achievable on dsDNA-tethered beads, we coplot the AD signals (Fig. 3 C) for laser-based illumination (at 8 kHz acquisition frequency) (Fig. 3 A) versus LED-based illumination (at 500 Hz acquisition frequency; raw data trace not shown). In our experimental conditions, e.g., a 1.9 kbp dsDNA-tethered bead and an applied force of 18 pN (Fig. 1 B) , we expect the tracking noise to dominate the intrinsic thermal noise due to Brownian fluctuations (Figs. S3 F and S4 A, blue dashed line). For an object that experiences a harmonic energy potential, as a tethered magnetic bead subjected to force does, the AD value increases with t until t equals 1.89-fold the system correlation time and subsequently decreases for larger t proportional to t À1/2 until drift becomes the dominant source of noise for even longer t (44, 45) . However, here, we do not observe a peak in the AD signal for either case (Fig. 3 C) . The absence of the AD peak is expected for two reasons. First, as stated above, the tracking noise is limiting the resolution in this experiment. Second, the minimal sampling time, 125 ms (the inverse of the 8 kHz acquisition frequency employed) far exceeds the predicted correlation time of~4 Â 10 À7 s (Eq. 5). For these dsDNA-tethered beads, we also observe a clear improvement using laser-based illumination with an acquisition frequency of 8 kHz (Fig. 3 C, dashed black line) compared to LED-based illumination with an acquisition frequency of 500 Hz (Fig. 3 C, solid black line) . For a measurement interval of 0.008 s, for example, we obtain an AD of 0.23 nm using laser-based illumination, twofold lower than the AD of 0.5 nm achievable using LED-based illumination (Fig. 3 C) . We observe similar results from a numerical simulation (Supporting Material and Fig. S4 C) with the same parameter values (2 kbp, L P ¼ 50 nm, 18 pN applied force, 1-mm-diameter bead). Thus, both experimental results and numerical simulations indicate that by averaging the tracking noise, laser-based illumination provides improved spatiotemporal resolution over LED-based illumination.
We next quantify the spatiotemporal resolution achievable for a magnetic bead tethered to a DNA hairpin (Figs. 1 A and S4 A) , a common tether in high-resolution single-molecule force spectroscopy experiments of enzymatic activity (22, 28, (46) (47) (48) (49) (50) (51) . We note first that our calculations (Fig. 1, B and C, and Eq. 3) indicate that the spatiotemporal resolution achievable for tethered ssDNA ( Fig. 1 B, black line) is inferior to that for dsDNA of comparable length (Fig. 1 B, red line) . For example, for tethers with an end-to-end distance of 0.65 mm, the expected spatial resolution values in z are 2 nm and 5 nm for dsDNA and ssDNA, respectively (Fig. 1 B) . These results lead us to predict a decreased spatial resolution for a tethered DNA hairpin (with its partially ssDNA handle; see Fig. 1 A) compared to a fully dsDNA tether. In line with these expectations, we measure an AD of 1 nm over 0.01 s (Fig. 3 D, brown solid lines) for a hairpin with a short, 200 nm handle and an AD of 0.25 nm over 0.008 s for dsDNA with a length of 650 nm (Fig. 3 C, black solid line) . In other words, the reduction in stiffness that results from the addition of a 40-nucleotide ssDNA sequence in the handle exceeds even the gain in stiffness upon reduction of the tether length (from 650 nm for the dsDNA tether to 200 nm for the hairpin handles). Therefore, for closed-hairpin tethers with a partially ssDNA handle, the resolution is limited by the noise level that results from thermal fluctuations of the ssDNA region. This is confirmed by the fact that for such tethers we observe no difference between laser-based ( Fig. 3 D, dashed lines) or LED-based (Fig. 3 D, solid lines) illumination at either 200Â or 100Â magnification, respectively: both illumination protocols provide at best an AD of 0.3 nm at 1 s bandwidth along x (Fig. 3 D, pink lines) or z (Fig. 3 D, brown lines) . As expected, thermal fluctuations also dominate the observed fluctuations for open DNA hairpins, as confirmed by both simulations (Supporting Material and Fig. S5 , B-D) and experiments (Fig. S5 E) .
We further observe several other aspects of the stiffness of DNA hairpins. To start, we observe that the experimentally measured z-fluctuations for a closed DNA hairpin with a short handle are equal to those predicted by Eqs. 3 and 5 for a 200-nm-long, fully ssDNA tether (see the Supporting Material). This leads us to conclude that dynamics of the handle dominate the overall response of the hairpin. In line with this expectation, calculations predict a larger standard deviation in the bead position along the z axis (Fig. 1 B) and a reduced characteristic time (Fig. 1 C) for a hairpin with a longer (700 nm) handle. This observation is confirmed experimentally: we measure an AD of 1 nm over 0.01 s, and a characteristic time of~0.25 ms, for a hairpin attached via a 200 nm handle, and we measure an AD of 3 nm over 0.01 s, and a characteristic time of 0.4 ms, for a hairpin attached via a 700 nm handle (Fig. S4 F) . As expected, attaching a magnetic bead with a larger diameter to a DNA hairpin also results in a longer correlation time: we measure a characteristic time of 0.25 ms from the peak in the AD for a 1-mm-diameter bead and, similarly, a characteristic time of~1.8 ms for a 2.8-mm-diameter bead (Eqs. 5 and 6 and Fig. S4 E) .
Both DNA-hairpin-tethered beads and dsDNA-tethered beads provide results that are in agreement with the calculations (Fig. 1, A and B) and the numerical simulations (Figs. S4 and S5, B-E) and therefore suggest that our simple theoretical framework offers a reasonable estimate of the resolution achievable with MT for a particular set of experimental conditions. We demonstrate here that a laser-based illumination together with high acquisition frequency provides the conditions for high-spatiotemporal-resolution MT, given that the limiting noise arises from the tracking noise.
Monitoring hairpin hopping using highspatiotemporal-resolution MT
Having characterized the spatiotemporal aspect of our highresolution MT, we demonstrate its utility by implementing a series of biophysical experiments on conformational transitions of tethered hairpins. In this series of measurements, we apply a force of~12 pN to a short-handled DNA hairpin tethered to a MyOne bead (see Materials and Methods) and record its position under laser illumination at an acquisition frequency of 8 kHz for hundreds of seconds (Fig. 4 A) . The extension-versus-time traces reveal two stable positions for forces in the range 11-13 pN (Fig. 4 B) . Between these two stable positions, we observe rapid, stochastic transitions that have dwell times on the order of 1-100 ms (Fig. 4 C) .
We interpret the hopping transitions as thermally driven
Biophysical Journal 109 (10) 2113-2125 transitions between a closed and a partially open conformation of the hairpin. Notably, the observed extension change is much smaller than the extension change of~1000 nm observed for full opening of the hairpin, which occurs at forces of~16 pN under the buffer conditions employed. Therefore, we assign the transition to the opening of a short, likely AT-rich, segment of the hairpin.
To further quantify the data, we determine the dwell-time distributions in the open and closed states (Fig. 4 D) by assigning an extension threshold at the position of the minimum between the two Gaussians that correspond to the open and closed states (Fig. 4 B) . The dwell times are exponentially distributed (Fig. 4 D) , as is expected and routinely observed for thermally activated, stochastic barrier-crossing events (for reviews, see, e.g., Hänggi et al. (52) and Bustamante et al. (53)). Recording similar traces on the same hairpin at slightly different applied stretching forces, we find that neither the distance between the two peaks nor their standard deviations change significantly with force over the range investigated (Fig. 4, E and F) . The fraction of the time spent in the open state, however, changes rapidly with applied force, consistent with a two-state model with a transition force of F 1=2 ¼ 11.7 pN (Fig. 4 G) . Finally, the lifetimes of the open and closed states, determined from exponential fits of the dwell-time distributions, depend exponentially on the applied stretching force (Fig. 4 H) . From the distance between the open and closed states of 11.4 5 0.4 nm, we estimate that the observed transitions correspond to the opening of a 9-to 11-bp-long segment (taking into account the 2 nm width of the DNA helix and assuming an extension of 0.5 nm per nucleotide (28, 54, 55) ). The observed unfolding force lies well within the range of forces observed previously for short hairpins (54, 56) . We observe dwell times of the open and closed states with lifetimes in the range of~10 ms, with values down to 2 ms, highlighting the temporal resolution of our instrument (Fig. 4 H) . The mean lifetimes have been fitted using the Bell model of rupture bonds (57) following the approach taken by several single-molecule studies of DNA-or RNA-hairpin unfolding measurements (53, 54, 56, 58) . In addition, the characteristic time in the range of 10 ms observed in our measurement is consistent with previous observations of short,~10-bp-long, hairpins (54) . In summary, our observation of the opening and closing transitions of a short,~10 bp, segment of our hairpin highlights the ability of our current MT implementation to record long (>100 s) and stable time traces observing macromolecular transitions at approximately nanometer lengthscales and approximately millisecond timescales. dTTP presence in the buffer modifies the behavior of the hairpin hopping
Having demonstrated that our assay can monitor hairpin opening and closing transitions with high precision over extended periods of time, we tested whether it could be used to sense the presence of nucleotides in solution. Recently, it was shown that hairpin transitions can be used to sensitively probe the ionic environment (59, 60) and might even provide a platform for single-molecule sequencing (47) . Studies of nucleic-acid-dependent molecular motors typically require high concentrations of nucleoside triphosphates (NTPs) in solution to power the enzymes: this is the case for helicases (61, 62) , ribosomes (63) , and polymerases (62, (64) (65) (66) ; in the latter case, the nucleotides also serve as the building blocks for the nascent nucleic acid product. To test the effect of high concentrations of NTPs in the absence of any enzymes on the hairpin opening dynamics and to investigate whether we can detect binding of NTPs to the DNA in the open state, we recorded traces at a constant force,~12 pN, close to the characteristic transition force, F 1=2 (Fig. 4 G) , at different dTTP concentrations.
From our experiments, we determined that neither the distance between the peaks in the extension histogram corresponding to the open and closed states nor the width of the peaks changed significantly with dTTP concentration (Fig. 5 A) . In contrast, addition of dTTP shifted the equilibrium to the open state (Fig. 5 B) . The observed change in the fraction of time spent in the open state was reasonably well described by a simple binding isotherm model (Fig. 5 A,  solid line) , with a midpoint concentration of~90 mM dTTP. In addition, increasing dTTP concentration increased the lifetime in the open state and decreased-to a lesser extent-the lifetime of the closed state (Fig. 5, C and D) . These observations suggest that the presence of dTTP in the buffer stabilizes the open state with respect to the closed state. The binding isotherm (Fig. 5 B) implies that the freeenergy change upon addition of dTTP is proportional to the logarithm of the dTTP concentration; i.e., the logarithm of the dTTP concentration plays a role analogous to the force in the force-dependent measurements (Fig. 4) . We note that even though all data in Fig. 5 were recorded at the same force, the force is still available as a control parameter that makes it possible to tune the sensitivity of the hairpin assay in a desired range. Our data indicate that dTTP interactions with the hairpin stabilize the open state, with an apparent binding midpoint of 92 mM. It appears plausible that dTTP molecules in solution would interact via Watson-Crick basepairing with adenine bases in the hairpin that are accessible in the open state but sequestered in the (double-stranded) closed state. However, electrostatic or ionic effects might also play a role. Although a complete dissection and attribution of the observed interactions will require more extensive measurements with a variety of hairpin sequences, our results indicate that the observation of hairpin opening and closing transitions in high-resolution MT have the potential to serve as molecular sensors of tunable sensitivity.
CONCLUSIONS
In this work, we have introduced an MT instrument that achieves high spatiotemporal resolution using a fast GPU-based real-time tracking algorithm (26) together with a laser illumination source (32) to enable camera-based tracking at high (>1 kHz) frame rates. The spatiotemporal resolution of our MT agrees well with the similar work recently described by Seidel and co-workers (29) . Our work provides, to our knowledge, the first use of a coherent illumination source in MT, which provides conditions in which the number of photons incident on the sample is no longer a limiting factor for high-speed video tracking. We demonstrate the performance of our apparatus by tracking a single bead in real time at an acquisition rate of 8 kHz over hundreds of seconds, limited only by the speed of the processor (which governs the acquisition rate) and the computer memory (which governs the achievable number of recorded frames). By examining the spatiotemporal resolution of our MT for different bead sizes, illumination sources, illumination intensities, acquisition frequencies, and DNA tethers, we have systematically characterized the conditions that yield the best possible spatiotemporal resolution. We find the best achievable AD to be 0.014 nm for an integration time of 4 s for a surface-attached bead and 0.17 nm for an integration time of 1 s for a tethered dsDNA. We also resolve steps of 0.5 nm with a dsDNA tether and 0.3 nm for a fixed bead. We evaluated different conditions in tether length, tether stiffness, and bead size. We conclude that a short and stiff tether together with small magnetic bead provides the best conditions for the highest spatiotemporal resolution, as predicted by a simple model of Brownian motion in the MT. We also demonstrate that the coherent laser illumination source is compatible with high-spatiotemporal-resolution measurements, substantially reducing the tracking noise. This provides a solution to the problem of the illumination intensity for approximately kilohertz measurements. To illustrate the power of this approach and highlight its, to our knowledge, new capabilities, we have examined the effect of dTTP on the hopping of a DNA hairpin and demonstrated that increased dTTP concentrations bias the hairpin hopping transition toward the unfolded state.
We expect that the high-resolution MT instrument introduced here will provide an attractive approach to detect DNA binding proteins, in particular those that bind only weakly, through the use of a hopping DNA hairpin as an accurate sensor. More generally, high-resolution MT will enable a range of diverse experiments on fast enzyme motion. Together with the ability of MT to observe many tethers in parallel (26, 29, 31, 67) and to integrate fluorescence detection (68, 69) , MT are an attractive platform to elucidate the mechanics of nucleic acids and other biological polymers and to unravel the mechanochemistry of a diverse set of proteins. 
SUPPORTING MATERIAL
Supplementary Text Spatiotemporal resolution for surface-melted beads as a function of illumination intensity and bead size
As discussed in the main text, the light intensity available for sample illumination is a factor that must be carefully considered in high-speed video tracking. At low light intensities, the tracking noise will become the limiting factor; conversely, at saturating illumination intensities, the lack of contrast between the rings in the diffraction pattern will become limiting. Here, we characterize the achievable spatiotemporal resolution as a function of the illumination light intensity (Fig. S3) prior to testing the optimal configuration (Fig. 2B) .
To quantify the light intensity in the field of view, we average the discrete grey levels of the camera (8 bits, corresponding to 256 grey levels) over the entire field of view.
We observe a significant increase in resolution for light illumination intensities that yield a camera response up to 200 grey levels ( Fig. S3A-F) . However, the improvement in the resolution of bead positions levels off for light intensities exceeding 150 grey levels; we achieve an optimal resolution of 0.014 nm at 4 s using 175 grey levels for a trace acquired at 500 Hz under LED illumination (Fig. S3C,F) . We also evaluate how the achievable spatial resolution differs for these types of surface-melted beads (Fig. S3) . First, we observe that a bead's material composition (magnetic vs. latex) does not impact the achievable resolution (Fig. S3F, Spatiotemporal resolution of a dsDNA or a ssDNA tethered beads determined from numerical simulation.
We simulate the fluctuations z-axis of a magnetic bead of 1 μm diameter tethered to a 1.9 kbp DNA, and experiencing a force of 18 pN (Fig. S4) Fig. S4A ) and 500 Hz (solid pink line, Fig. S4A ) are identical. Next, we add Gaussian noise with a standard deviation of 1 nm to these simulated traces to mimic the tracking noise on a 1 μm diameter magnetic bead (Fig. S3A-F (Fig. S3F) .
Similarly to the dsDNA-tethered bead, we simulate the fluctuations along the z-axis for the case of an open hairpin, e.g. a ssDNA-tethered bead. In short, we simulate a 1 μm diameter magnetic bead tethered to a 2 kb ssDNA under a force of 19 pN (Fig.   S4 ). The simulated traces are sampled at 1 μs for a duration of 10 s, and subsequently boxcar-filtered at either 8 kHz or 500 Hz to simulate the camera shutter time employed. As above, the numerical simulations show that the AD of traces box-car filtered at either 8 kHz (dashed green line, Fig. S4A ) or 500 Hz (solid green line, Fig.   S5B ) are identical for a given time window. Adding Gaussian noise of 1 nm standard deviation to the simulated traces at 8 kHz and 500 Hz, we observe no change in ADs (Fig. S5B-C) , confirming what we observed experimentally in Fig. 3D , meaning that the resolution is limited by the thermal noise. In that case, a faster acquisition rate does not provide a better spatiotemporal resolution.
Spatiotemporal resolution for DNA-hairpin tethered beads as a function of bead size and tether length
In the main text, we discuss the spatiotemporal resolution of dsDNA-and hairpintethered beads. For both types of tethers, considerations of the bead radius and the tether length and nature (Eqs. 2,3 of the main text) need to be taken into account. As an example, we here consider the bead-size and tether-length considerations for hairpin-tethered beads (Fig. 1A) .
Generally speaking, temporal resolution for a tethered bead is expected to improve with smaller beads and shorter tethers, as can be deduced from Eq. 5 of the main text, which indicates that the bandwidth of the system scales with these two parameters. As a consequence, providing a tether-bead system with a larger bandwidth offers the possibility to observe fast enzymatic steps. However, when using a smaller magnetic bead, it is important to not be limited by the loss in tracking accuracy.
To test the effect of the bead size on the spatiotemporal resolution, we compare the thermal noise for beads of different diameters (1 μm diameter MyOne beads, black lines in Fig. S5E ; 2.8 μm diameter M270 beads; grey lines in Fig. S5E ) located ~200 nm away from the flow chamber surface (Fig. 1A) via hairpin tethering (Fig. 1A) . As in the main text, the comparison is performed by computing the respective AD along the axis. For M270 beads, we acquire data at 2 kHz with a high-power fiber-coupled LED illumination, whereas for MyOne beads, we acquire data at 4 kHz using laserbased illumination (Fig. S5A) . For both bead types, we first compare the noise for closed hairpins (force ~12 pN, solid lines in Fig. S5E ). We observe that the AD peak is shifted to shorter timescales for MyOne beads (black solid lines, that are comparable to experimental observations; however, it also predicts timescales of 0.023 and 0.26 ms, respectively, th at are found to be ten-fold shorter than experimentally observed. To understand this discrepancy in timescales, we revise the modeling, assuming that the handles perform mechanically as if they predominantly consisted of ssDNA (with = 0.5 nm). In doing so, we obtain much better agreement with the experimental results (predicted peak amplitudes of 2.7 nm for both bead types, with timescales of 0.12 ms and 1.3 ms, respectively). This result implies that the single-stranded portions of the handles dominate the dynamics of our bead-closed hairpin system. On longer timescales, we note that the AD continues to decrease until drift starts to dominate at >1 s (Fig. S5E) Using a smaller bead provides a smaller correlation time for a similar AD peak amplitude, hence the spatiotemporal resolution is improved for an equivalent time averaging window (Eq. 3 in the main text) larger than the correlation time of the system (Fig. S5E) .
We have also examined the spatiotemporal response of different bead types that are tethered to open hairpins (force ~19 pN, ~0.55 / , dashed lines in Fig. S5E ).
We measure that the peak of the AD for M270 beads lies at ~1 ms (grey dashed line, with some uncertainly as it is difficult to accurately determine the peak position here), with an amplitude of ~4 nm for both beads. Our model (assuming a ssDNA extension of 1 m), predicts peak amplitudes of 6 nm located at 0.25 ms for MyOne beads and at 1.8 ms for M270 beads, in good agreement with the experimental results.
On longer timescales (~1 s), the experimentally measured peak AD amplitudes of ~0.2 nm for MyOne beads and ~0.3 nm for M270 beads match up well with theoretical predictions (0.14 nm for MyOne beads; 0.37 nm for M270 beads). Thus, the gain in bandwidth by using smaller beads with open hairpins provides an improved spatiotemporal resolution, as in the case of beads tethered to closed hairpins. These results confirm the prediction that one should employ the smallest possible beads to maximize the information that can be extracted at short timescales (6) , as this allows one to attain, upon averaging to a lower bandwidth, increased spatiotemporal resolution. We note in particular that this result is, independent of whether a bead is tethered to a closed or open hairpin. The agreement between theory and experiment furthermore highlight how the simple model that we introduce can be successfully employed to evaluate the spatiotemporal response for a tethered molecule. This can be useful to experimentalists as it allows one to design experimental conditions in order to observe catalytic activity at optimal resolution.
Lastly, we investigate the effect of tether length on the spatiotemporal resolution achievable with DNA hairpins, where we expect that the use of a short, and therefore stiff construct (Fig. 1B) , will provide the best spatiotemporal resolution (Eq. (2) in the main text) when using the same type of bead. We compare the AD for closed hairpins with ~200 nm and ~700 nm handles, respectively. For both cases, we employ 1 m diameter MyOne beads and laser illumination. The AD of the hairpin with the 700 nm handle peaks at ~0.4 ms with a magnitude of ~5 nm ( Oligonucleotides involved in the hairpin design of Figure S1 (polarity: 5'->3').
1-kb fragment:
CTCCTGTGTGGTCTCGTTGCGAAGTAGTTATTAGCCACCCAGGAACCAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
